A total of 61 samples, from six vertical profiles between surface and 1800 m from the Arabian Sea, have been analysed for uranium concentration to assess its behaviour in oxic and sub-oxic waters. These samples cover a wide range of dissolved oxygen concentration, from 0.14 to 230 µM. Uranium concentration in most of the samples fall in the range of 3.2 ± 0.2 µg l -1 . In general, uranium exhibits a conservative behaviour in the Arabian Sea water column and denitrification processes do not seem to influence its abundance. The mean uranium/salinity ratio in waters with dissolved oxygen <2 µM is (9.17 ± 0.15) × 10 -8 g g -1 , nearly identical to the ratio (9.22 ± 0.27) × 10 -8 g g -1 in waters with dissolved oxygen >100 µM, and in waters from other oceanic regions (9.34 ± 0.56) × 10 -8 g g -1 . In one of the profiles (18°N, 64°E) collected during summer monsoon (SK115/6; August 1996), two samples from 300 and 600 m have uranium concentration z10-15% lower than that expected based on salinity. Further studies are needed to confirm these results and to characterize the process(es) contributing to depletion of uranium at these depths. 
Introduction
Studies on the marine geochemistry of uranium, particularly the pathways of its removal from seawater, have been a topic of detailed research during the recent past (Zheng et al., 2002a, b) . In seawater, uranium exists as a stable, soluble, uranyl-carbonate complex (UO 2 (CO 3 ) 3
4-
). Initial studies on uranium abundance in shelf and anoxic marine sediments have led to propose that reduction of soluble U(VI) to more particle reactive U(IV) could be a mechanism contributing to its removal from the water column (see for example, Veeh, 1967; Huh et al., 1987) . This hypothesis was extended (Veeh, 1967) to suggest that large-scale removal of uranium from seawater could occur, not only in reducing shelf regions but also in hemipelagic areas, where high biological productivity can cause hypoxic/anoxic conditions and a shift in the uranium oxidation state. Subsequent studies on the behaviour of uranium have generally attested the role of shelf and margin sediments as a sink for oceanic uranium (Barnes and Cochran, 1990; Klinkhammer and Palmer, 1991; Swarzenski et al., 1999) . These studies led to the conclusion that the dominant mechanism of uranium removal from seawater is diffusion of U(VI) from bottom waters to anoxic regions of sediments where it is reduced to U(IV) and trapped. The removal of uranium around the oxic-anoxic boundary in sediments results in a concentration gradient in pore waters and acts as a "pump" to transfer uranium from oxic bottom water to sediments (Anderson et al., 1989; Thompson et al., 1990) . The presence of non-lithogenic uranium in settling particulate matter in the oceans (Anderson, 1982; Anderson et al., 1989; Zheng et al., 2002b) , however, hints at other pathways of its removal such as biological uptake and chemical/biogeochemical interactions with settling particulate matter. Quantitative significance of these mechanisms for the removal of uranium from seawater and its marine budget depends on the behaviour of non-lithogenic uranium, during its transit through the water column. Anderson (1987) and Anderson et al. (1989) investigated the redox chemistry of U in two anoxic marine basins, namely the Black Sea and Cariaco Trench, to further examine processes of uranium removal from seawater. In both these basins, almost all dissolved uranium was found in the U(VI) oxidation state, though physico-chemical considerations (long residence times and presence of sulphide) would favour a valence shift from U(VI) to U(IV) in both these basins. Similar results were also observed in the sulphidic waters of Framvaren Fjord (Norway) and in the seasonally anoxic Saanich Inlet, Canada (McKee and Todd, 1993) . These results argue against rapid reduction of U(VI) in anoxic seawater and hence its removal from the water column through such a mechanism. This led to the suggestion that sequestering of seawater uranium by anoxic sediments is the primary pathway for its removal from these basins (Anderson et al., 1989; Zheng et al., 2002b) . These results also brought out the role of mineral surfaces in accelerating the kinetics of U(VI) reduction to U(IV) in the sea.
The Arabian Sea, because of its characteristic chemical and biological properties, is an interesting basin to study the geochemical behaviour of uranium. One of the peculiar properties of the Arabian Sea is the semi-annual reversal of wind regimes caused by the monsoon. These reversals have significant impact on the upper ocean circulation and biological productivity of the region (Qasim, 1982; Madhupratap et al., 1996) . The structure of the upper layers of the Arabian Sea (Shetye et al., 1994; Prasanna Kumar and Prasad, 1999 ) is dictated by the transport and mixing of the Arabian Sea high salinity water (ASHW, r h = 22.8-24.5), Persian Gulf water (PGW, r h = 26.2-26.8) and the Red Sea water (RSW, r h = 27.0-27.4). Some of the biogenic particles produced in surface water settle to the interior where they are remineralised. These biogeochemical processes coupled with restricted ventilation contribute to extreme depletion of oxygen in the intermediate waters (100-1200 m depth). This generates a widespread oxygen minimum zone (OMZ) with active denitrification (Naqvi, 1991 (Naqvi, , 1994 (Saager, 1994) . Another characteristic of the Arabian Sea waters is the supersaturation of CH 4 in the water column, which has been explained in terms of likely occurrence of reducing microenvironments (Owens et al., 1991; Jayakumar et al., 2001) . Although there is no dissolved H 2 S in the intermediate waters, the presence of sulphides as metal complexes has been reported (Theberge et al., 1997) .
The chemical composition of sediments also shows the impact of reducing conditions. Unlike the water column, sediments from many areas of the Arabian Sea are characterized by presence of H 2 S. Low Mn and high uranium concentrations characterize many of these sediments. Moderate to high concentrations of authigenic uranium in margin sediments makes this basin one of the potential sites for removal of U from seawater (Borole et al., 1982; Sarkar et al., 1993; Somayajulu et al., 1994; Nagender Nath et al., 1997; Pailler et al., 2002) . Based on the study of uranium distribution in a sediment core in the southeastern Arabian Sea, Sarkar et al. (1993) had inferred that anoxic conditions prevailed in this region during the last glacial period.
Thus, the interplay between wind patterns, water circulation and surface productivity makes the Arabian Sea an ideal basin to study the geochemical behaviour of elements especially those which are sensitive to changes in redox conditions (Saager, 1994) . The unique properties of the Arabian Sea, viz. oxic surface water, sub-oxic intermediate water (environments that experience denitrification but no hydrogen sulphide production are referred to as "sub-oxic", Naqvi, 1994) , high particulate flux through the water column (Ramaswamy and Nair, 1994), have led us to investigate the abundance and distribution of uranium in the water column to obtain a better understanding of its geochemistry in regions of changing redox and high particulate flux. Further, such a study would help to constrain the impact of anaerobic respiration (denitrification) in influencing the marine geochemistry of uranium.
Sampling and analytical methods
The sampling strategy was designed to assess the behaviour of dissolved uranium in oxic and sub-oxic waters during different seasons. Towards this, vertical profiles of water samples, spanning oxic and sub-oxic layers were collected during intermonsoon and SW monsoon periods. The sam-pling was done mainly along 64°E transact, between 21°N and 10°N and a profile from the western Arabian Sea (Fig. 1) . A total of 61 samples from six vertical profiles (depths ranging from surface to 1800 m) were collected for uranium concentration measurements. These collections were made during three cruises, two of them, SK115 (August 1996, SW monsoon) and SK121 (February 1997, end of NE monsoon) were conducted onboard ORV Sagar Kanya, as a part of the Indian JGOFS programme. The third cruise, SS164 (March 1998), was carried out onboard FORV Sagar Sampada. Two of the profiles, SK121/9 and SK121/9A were collected 5 d apart from very nearby locations (21°N, 64°E), surface waters of these profiles were characterized by intense salp bloom, Pagea Confederata, during the sampling period (Prasanna Kumar et al., 2001a) .
Water samples for uranium measurements were collected using 30 l GoFlo bottles. The sampling depths for uranium measurements were based on salinity/temperature and dissolved oxygen profiles, measured using a Seabird CTD system. During SS164 cruise, dissolved oxygen was determined following JGOFS protocol (SCOR, 1996) . For uranium, 4-5 l of seawater was transferred from the GoFlo bottles, soon after collection to clean polypropylene containers and was acidified with concentrated HNO 3 to pH z2. This was followed by addition of z100 mg of Fe carrier (as FeCl 3 ) and 232 U tracer (0.5 ml of 9.0 ± 0.16 dpm ml -1
). The solution was continuously stirred and purged with compressed air to break the uranyl carbonate complex and also to establish tracer equilibrium with seawater uranium. After 3-4 h, the pH was adjusted to 8 by adding concentrated NH 4 OH and uranium was co-precipitated with Fe(OH) 3 . The uranium from ferric hydroxide precipitate was separated, purified and assayed by alpha spectrometry following procedures of Sarin et al. (1992) .
Results and discussion
The uranium concentration of the samples along with the salinity and dissolved oxygen data are listed in Table 1 , the errors are ±1r standard deviation derived from counting statistics and uncertainties in 232 U spike calibration. Average ±1r uncertainty in measurements is ±2.6%. Therefore, differences in uranium concentration between samples in excess of z6% can be measured reliably using the techniques used in this study. The uranium concentration versus depth in SK121/9 and SK121/9A, the two nearby profiles, are in good agreement ( ) are from the SK-115/6 profile collected during SW monsoon; these results will be discussed later. Regression analysis of data shows an overall increase in uranium concentration within the salinity range sampled (Fig. 2) , consistent with that reported earlier for the Arabian Sea and other oceanic regions (Ku et al., 1977; Sarin et al., 1992 Sarin et al., , 1994 . The mean 234 U/ 238 U activity ratio of the samples is 1.14 ± 0.02 (n = 61) quite similar to those reported for other oceanic regions (op. cit.).
The distribution of uranium with depth in the six profiles analysed along with a typical dissolved oxygen profile of the region is shown in Fig. 3 . The data show that, within uncertainties of measurements, the uranium concentrations are nearly uniform with depth and are independent of dissolved oxygen concentration. This conclusion is also borne out from the distribution of the U/salinity ratios in waters with various levels of dissolved oxygen concentrations (Table 2, Fig. 4) . The mean U/salinity ratio (Table 2) in samples with dissolved oxygen in the range of 0.14-2 µM (n = 14) is (9.17 ± 0.15) × 10 -8 g g -1 , nearly identical to the ratio (9.22 ± 0.27) × 10 -8 g g -1 in samples with dissolved oxygen >100 µM. In fact, the samples from all the six profiles with dissolved oxygen <5 µM (n = 34), have U/salinity ratio of (9.10 ± 0.34) × 10 -8 g g -1 , which is the same as the mean ratio for all the samples. The mean U/salinity ratio in samples with dissolved oxygen <5 µM also overlaps with the "global" ratio of (9.34 ± 0.56) × 10 -8 g g -1 (Ku et al., 1977) . These results suggest that, in general, there is no measurable change in uranium concentration in the water column of the Arabian Sea during the seasons sampled even if dissolved oxygen levels reach values as low as 0.14 µM and in presence of denitrification. Thus, there is neither removal of uranium due to sub-oxic and denitrifying conditions nor addition of uranium resulting from regeneration of biogenic particles in the intermediate waters of the Arabian Sea.
Two samples from SK115/6 profile (18°N, 64°E) show exception to this general trend in that they have measurably lower concentration of uranium than that expected based on salinity. These samples, from 300 and 600 m depths with dissolved oxygen: z5 and 3 µM, respectively, have uranium concentration of 2.95 ± 0.08 and 2.78 ± 0.1 µg l -1 and U/salinity ratios of (8.00 ± 0.22) × 10 -8 and (7.60 ± 0.27) × 10 -8 g g -1
, respectively. These are the lowest uranium concentrations among all the samples analysed in this study and plot significantly below the overall trend with salinity (Fig. 2) . The uranium deficit (DU) in these samples [DU = (U e -U m ), where U e is expected uranium concentration based on salinity (U e = (U/S) × S sample ; U/S is the mean U to salinity ratio, (9.17 ± 0.31) × 10 -8 g g -1 and S sample is the sample salinity) and U m is the measured uranium concentration] are 0.35 ± 0.14 and 0.49 ± 0.15 µg l -1 , respectively. The process(es) contributing to the depletion of uranium from these samples is difficult to characterize as it (i) seems to be transient, observed only in two samples collected during one season and (ii) is only in two discrete depths, samples collected from above, below and in between these two depths have uranium concentrations which overlap within errors with typical oceanic value. It may be argued that the low uranium concentration in these two samples can arise due to measurement artefacts, such as inadequate equilibration between spike and sample uranium. However, this seems unlikely considering that uranium profiles in two adjacent stations collected a few days apart show good agreement (Sta. SK121/9 and SK121/9A, Table 1 ). These samples are from a profile which was collected during SW monsoon, a period of relatively higher biological productivity and particle rain through the water column. During the sampling period, August 1996, the column productivity for this profile was z1000 mg C m -2 d -1 (Prasanna Kumar et al., 2001b) . Studies on temporal variations in particulate flux at z3000 m in the Arabian seawater column from a location (14°30′N, 64°45′E) near to SK115/6 profile show higher total particulate and carbon fluxes during the monsoon season (Ramaswamy and Nair, 1994) . It is difficult to explain uranium removal at two discrete, intermediate depths by particle settling from surface. The other options would be to invoke advective transport of uranium depleted waters or occurrence of particle layers at these depths, which can facilitate uranium removal. Evidence for the presence of secondary particle maximum or intermediate nepheloid layers has been reported near the top of the OMZ in the Arabian Sea (Naqvi, 1994; Morrison et al., 1999) . Bacterial activities have been suggested as the cause for these particle abundance peaks in the intermediate waters. The role of these particles in sequestering dissolved uranium from waters and its removal can only be assessed when measurements of uranium concentration in suspended and settling particles from these depths become available.
The results of this study show that anoxic respiration (denitrification) does not remove detectable amounts of uranium from the intermediate waters of the Arabian Sea and that the biogeochemical processes associated with denitrification does not influence, to any measurable levels, the water column geochemistry of uranium in these waters.
It is well recognized, from the elevated concentration of authigenic uranium in sediments from various regions of the Arabian Sea (Borole et al., 1982; Sarkar et al., 1993; Somayajulu et al., 1994; Nagender Nath et al., 1997; Sirocko et al., 2000; Balakrishna et al., 2001) , that this oceanic region is a sink for seawater uranium. However, processes contributing to the supply of authigenic uranium to sediments of the Arabian Sea are not well understood. Studies from other oceanic regions (Anderson, 1982; Anderson et al, 1989; Zheng et al., 2002b) have demonstrated the presence of non-lithogenic U in settling particulate matter. The fate of particulate non-lithogenic uranium (PNU) is shown to depend on oxygen content of water through which the particles transit. It seems to be better preserved and transported to sediments in regions of low dissolved oxygen, such as the Santa Barbara Basin, where PNU accounts for a substantial part of authigenic uranium (Zheng et al., 2002b) . Coupled studies of uranium in dissolved and particulate phases from the oxic and sub-oxic waters of the Arabian Sea should throw more light on the processes contributing to the formation and regeneration of PNU and on the pathways for its removal to the sediments.
Conclusions
Uranium concentration and 234 U/ 238 U isotopic composition of seawater collected from oxic and sub-oxic regions of the Arabian Sea show that, in general, uranium behaves conservatively in these regions. The mean U/salinity ratio in waters with dissolved oxygen <2 µM is (9.17 ± 0.15) × 10 <2 µM 14 9.17 ± 0.15 <5 µM 34 9.10 ± 0.34 >100 µM 9 9.22 ± 0.27 0.14-230 µM 61 9.17 ± 0.31 Global average a 9.34 ± 0.56 a From Ku et al. (1977) . , nearly identical to the ratio (9.22 ± 0.27) × 10 -8 g g -1 in waters with dissolved oxygen >100 µM. Two samples from 300 and 600 m of one profile (18°N, 64°E) collected during summer monsoon (SK115/6; August 1996) have z10-15% lower uranium than that expected based on salinity. The cause for uranium depletion in these two samples is unclear and needs confirmation. A coordinated study of uranium in dissolved and particulate phases along with particle abundances and their composition in the water column should provide better understanding of the geochemical behaviour of uranium in the Arabian Sea. Note that the mean U/salinity in all the three sets are nearly identical, indicating the lack of removal of uranium even from sub-oxic waters. For samples with dissolved oxygen <2 µM, shown in black in (b), the mean U/salinity ratio is (9.17 ± 0.15) × 10 -8 g g -1 .
